The locations of 103 cleavage sites, produced by 13 restriction endonucleases, were mapped on the DNA of bacteriophage T5. Single-and double-digest fragment sizes were determined by agarose gel electrophoresis, using restriction fragments of 4iX174 DNA and X DNA as molecular weight standards. Map coordinates were determined by a computer-based least-squares procedure (J. Schroeder and F. Blattner, Gene [Amst] 4:167-174, 1978 The genome of bacteriophage T5 possesses a number of interesting properties, including sitespecific single-chain interruptions (1, 7), a large terminal repetition (14), and an unusually strong set of promoters (24, 28). In addition, injection of T5 DNA occurs in a unique two-step manner (10). Analyses of these and other features of T5 DNA have been facilitated by the use of restriction endonucleases. Cleavage maps of T5 DNA have been reported for endonucleases BamHI, EcoRI, HindIII, HpaI, KpnI, PstI, SalI, and SmaI (3, 6, 11, 12, 24, 26, 29 T5 DNA (2, 14) .
The locations of 103 cleavage sites, produced by 13 restriction endonucleases, were mapped on the DNA of bacteriophage T5. Single-and double-digest fragment sizes were determined by agarose gel electrophoresis, using restriction fragments of 4iX174 DNA and X DNA as molecular weight standards. Map coordinates were determined by a computer-based least-squares procedure (J. Schroeder and F. Blattner, Gene [Amst] 4:167-174, 1978). The fragment sizes predicted by the final map are all within 2% of the measured values. Based on this analysis, T5st(+) DNA contains 121,300 base pairs (Mr, 80.3 x 106) and has a terminal repetition of 10,160 base pairs (Mr, 6 .7 x 106). Restriction endonuclease analysis after treatment with exonuclease III and a single-strand-specific endonuclease allowed precise localization of five of the natural single-chain interruptions in T5 DNA. Revised locations for several T5 deletions were also determined.
The genome of bacteriophage T5 possesses a number of interesting properties, including sitespecific single-chain interruptions (1, 7) , a large terminal repetition (14) , and an unusually strong set of promoters (24, 28) . In addition, injection of T5 DNA occurs in a unique two-step manner (10) . Analyses of these and other features of T5 DNA have been facilitated by the use of restriction endonucleases. Cleavage maps of T5 DNA have been reported for endonucleases BamHI, EcoRI, HindIII, HpaI, KpnI, PstI, SalI, and SmaI (3, 6, 11, 12, 24, 26, 29) . Although there is good agreement on the location of the cleavage sites for several endonucleases, particularly EcoRI, published cleavage maps show different fragment orders for several endonucleases, and there are substantial discrepancies in the exact locations of many cleavage sites. For example, the locations of three of the four BamHI cuts in T5 DNA differ by more than 3,000 base pairs (bp) between the maps of Hamlett et al. (6) and Brunel et al. (3) . There are comparable discrepancies between estimates of the size of the terminal repetition in T5 DNA (2, 14) .
The present study was undertaken to provide a unified and accurate restriction endonuclease cleavage map of T5 DNA. The fragment orders of the eight previously described endonucleases have been re-investigated, and complete maps have been determined for five additional enzymes. To minimize errors, molecular weights were determined by agarose gel electrophoresis on fragments of less than 9,000 bp, using reference molecules of known sequences. Map coordinates were determined by a least-squares procedure designed to maximize agreement between measured fragment sizes and final map values (22) . The completed map contains 103 cleavage sites and exhibits a high degree of internal consistency. The map has been used to refine the locations of the natural single-chain interruptions in T5 DNA and to position accurately several T5 deletions.
MATERIALS AND METHODS
Bacteriophage. Wild-type T5 and the st(O), st(124), and st(102) deletion mutants have been described previously (14, 21) . The T5bl, b2, and st(20) deletion mutants were obtained from G. Hayward, Johns Hopkins, Baltimore, Md. T5 DNA was obtained by phenol extraction of CsCl-purified phage (14) . 4X174 replicative form I DNA and pBR322 DNA were obtained from Bethesda Research Laboratories.
Restriction enzyme analysis. Endonucleases EcoRI and HpaI were isolated and used as described previously (6, 12) . Incubations with BalI, a gift of G. Ketner, were performed in 20 mM glycine-KOH (pH 9.2)-6 mM MgCl2. The other endonucleases were obtained from Bethesda Research Laboratories and, except for the omission of bovine serum albumin, were used as recommended by the manufacturer. Single digests were terminated by extraction with phenol followed by extensive dialysis against 10 mM Trishydrochloride (pH 8.0)-0.1 mM EDTA. Incubations with a second enyzme were performed on the dialyzed single digests. These reactions were terminated by the addition of 0.1 volume of 0.1 M EDTA and heating at 65°C for 5 min. Both methods of termination gave fragments of identical electrophoretic mobility.
Agarose gel electrophoresis. All analyses were carried out in horizontal slab gels (8 by 20 by 0.5 cm) containing 0.8 or 1.4% agarose in 36 mM Tris-30 mM NaH2PO4-1 mM EDTA (pH 7.7). Electrophoresis was at room temperature at approximately 2.5 V/cm. The quantity of DNA loaded per well was kept low (usually 0.2 ,ug) to minimize band thickness and to avoid the increased mobility of overloaded bands. Molecular weight standards were run either in the same wells as the T5 fragments or in immediately adjacent wells. The gels were stained with ethidium bromide and photographed as described previously (13 (13, 20) . The exonuclease step was designed to remove an average of 200 nucleotides from each 3'-terminus in T5 DNA. The dose of S1 nuclease was adjusted to degrade 90%o of the singlestranded DNA. This dose does not result in degradation of T5 DNA in the absence of exonuclease III treatment. The S1 nuclease incubations were terminated by phenol extraction followed by extensive dialysis (see above) before restriction enzyme analysis.
RESULTS
Restriction maps of T5 DNA. Cleavage maps for the 13 restriction endonucleases used in this study are shown in Fig. 1 . These endonucleases include eight for which maps were previously published, three (BalI, SstI, and XhoI) whose maps had been determined in this laboratory, and two (Bgll and BstEII) that were specifically chosen to provide cleavage sites near the ends of T5 DNA. The fragments produced by the five new endonucleases were ordered by methods that have been described previously (6, 12) . All discrepancies involving the previously published maps were resolved by analyzing multiple enzyme digests. The fragment orders shown in Fig.  1 agree with those previously determined for EcoRI (11, 12, 21, 29) , Sall (6, 26, 29) , HpaI (6), HindIll (24), BamHI (3, 29) , PstI (26) , and SmaI (26) . There are differences between the maps in Fig. 1 and those published previously for SmaI (29) , HindIll (3, 26) , BamHI (26) , and KpnI (26) . In the case of reference 26, a corrected figure has been published (Gene [Amst] 5:343, 1979) that agrees with the results of the present study.
Construction of a unified physical map of T5 DNA. The cleavage maps shown in Fig. 1 were combined into a single, internally consistent map of T5 DNA by following the procedures originally used by Daniels et al. to map X DNA (5). Fragment sizes were determined by electrophoresis in agarose slab gels, using reference molecules of known base sequence as described above. To stay within the size range of the standards and to optimize electrophoretic resolution, these measurements were confined to fragments of less than 9,000 bp. Single-enzyme digests were analyzed in 0.8 and 1.4% agarose gels to measure all fragments under 9,000 bp. Double digests were usually run only in 0.8% gels, and fragments under 1,000 bp were not measured. A typical gel is shown in Fig. 2 .
The final map was based on a total of 265 fragments obtained from 11 single-enzyme digests and 46 double digests. Single digests with two enzymes, Sall and SmaI, were not analyzed because they lack fragments under 9,000 bp. Except for the combination of BstEII and EcoRI, the double digests that were not analyzed involved four enzymes (Sail, SmaI, SstI, and XhoI), each of which has fewer than four cleavage sites in T5 DNA. The locations of the fragments present in many of the double digests had been determined during establishment of the cleavage maps shown in Fig. 1 . Fragments present in double digests that had not been previously analyzed were identified either on the basis of size or, in the case of pairs of fragments that differed by less than 200 bp, by treatment of the double digests with a third endonuclease. Only fragments that could be unambiguously identified were used in the final computation.
With one exception, the absolute order of the cleavage sites used in this study could be determined by analysis of the double-enzyme digests. The results in Table 1 also provide an estimate of the size of the terminal repetition in T5 DNA. This region, which has been previously estimated to contain 9,000 to 10,000 bp (2, 14) , is cut once by BglI and BstEII and three times by HpaI (Fig. 1) (20) . Since the 8.0% site is in the terminal repetition, an analogous interruption occurs at 99.6% (16) . These sites have been localized with respect to the restriction endonuclease cleavage map by introducing double-strand breaks into T5 DNA at each interruption. As described previously (13), doublestrand fragments of T5 DNA can be produced by employing exonuclease III to create short singlestranded segments at each interruption and then degrading these segments with St nuclease. The polarity of the interrupted strand in T5 DNA is such that the single-stranded segments created by exonuclease III extend to the right from each interruption (13) . Since the material degraded by the two nucleases is not insignificant, accurate mapping must be based on restriction enzyme sites that occur to the left of each interruption. Identification of the fragments produced by restriction endonuclease treatment of exonuclease III-, S1 nuclease-treated T5 DNA was simplified by the use of interruption-deficient mutants of T5. Mutants lacking, individually, each of the principal interruptions have been described previously (17) , and multiple interruption-deficient recombinants have been constructed from the single mutants (unpublished data). For the present study, the interruptions at 8, 18.5, and 65% were mapped by using triple mutants that lacked, in each case, the three other principal interruptions. Data on the interruption at 32.5% was obtained by using a single mutant that lacked the 8% site. The location of each interruption was determined with respect to at least two restriction enzyme cleavage sites. A gel illustrating the use of BstEII to map the 8 and 32% sites is shown in Fig. 3 , and the results of all the analyses are summarized in Fig. 4 5. The relative locations of these deletions agree well with previous studies (4, 21) , although there are differences involving the exact sizes and absolute locations of the deleted segments. Due to the uneven distribution of cleavage sites, the uncertainties in endpoint locations varied from Analysis with endonuclease BstEII of exonuclease III-, S1 nuclease-treated T5 DNA. Interruption-deficient T5 DNAs were treated with exonuclease III and S1 nuclease before restriction enzyme digestion as described in the text. Lane 1, DNA from a mutant lacking the interruptions at 18, 32, and 65%. The arrow indicates the fragment (5,380 bp) that extends from the BstEII site at 3.6% to the interruption at 8.0%6. Lane 2, BstEII digest of untreated T5 DNA. Lane 3, DNA from a mutant lacking the 8% interruption. The arrow indicates the fragment (4,800 bp) that extends rightward from the BstEII site at 28.7% to the interruption at 32.6%. Lane 4, HpaI digest of T5 DNA, used as a length standard. The loss of DNA due to exonuclease III-, S1 nuclease digestion is illustrated by the broad band centered at approximately 5,600 bp in lane 3. This band contains BstEII fragment 5 (5,820 bp), which has been shortened because of its terminal location, and a fragment derived from the 5,885-bp interval between the 65% interruption and the BstEII site at 69.5%. In the absence of appreciable loss due to nuclease treatment, the latter fragment would migrate very close to BstEII fragment 5 (lane 2). +700 bp for st(124) to only +150 bp for the bl deletion.
Restriction enzyme analysis was also carried out on an exceptional deletion mutant, T5 del2, that appears to lack a segment that separates the early and late regions of T5 DNA (15) . Based on analysis with BamHI, BstEII, HindIII, HpaI, and SmaI, the del2 deletion represents 1,920 bp and extends from 68.0 + 0.15% to 69.6 0.15% from the left end of the genome.
DISCUSSION
The construction of a unified restriction endonuclease cleavage map requires an accurate method of measuring fragment sizes and an objective procedure for combining results obtained from many digests into a single map. These requirements have been met by using agarose gel electrophoresis and reference molecules of known sequence to determine fragment sizes and by using the least-squares method developed by Schroeder and Blattner (22) to determine the final map.
Agarose gel electrophoresis has proven to be a reliable method for estimating the molecular weight of double-stranded DNA. In most instances, including the molecular weight standards used in this study, the mobilities of double-stranded molecules have been found to be solely dependent on molecular weight (5, 27) . It is possible that some of the T5 fragments have aberrant mobilities, but the high degree of internal consistency seen in the final map argues against any significant deviations of this type. Errors in molecular weight determinations were further minimized by confining measurements to fragments of less than 9,000 bp. The resolution of agarose gels in this size range is excellent. Consequently, errors in determining exact band locations and in constructing calibration plots should have a minimal effect on the final map.
The least-squares method of Schroeder and Blattner is designed to minimize fractional deviations between measured and computed fragment sizes. The reasons for choosing to minimize fractional, as opposed to absolute, deviations are discussed by these authors (22) . The least-squares procedure was selected for the present study because it provides an objective method for assimilating measurements on large numbers of overlapping fragments into a single, unified map. The accuracy of this method is dependent on the accuracy of fragment size determinations and on the distribution of cleavage sites and measured fragments along the genome. The restriction endonucleases used in this study exhibited a preference for the right half of T5 DNA. Of the 103 cleavage sites, 63 occurred in the right half, and each interval between adjacent sites in this half was spanned by an average of 10 measurements, as opposed to 8 for the left half of the genome. Based on this criterion, the most accurate region of the map is between sites 65 and 81. All of the intervals in this region are spanned by at least 12 measurements. The least accurate region is between sites 11 and 13 where, largely due to a cluster of five HpaI and KpnI sites, intervals 11 Fig. 3. (a,c,d ) Mapping of interruptions at 8.0, 18.3, and 64.6%, respectively, using T5st(102) DNA lacking, in each case, the other three principal interruptions. (b) Mapping of an interruption at 32.6%, using T5 DNA lacking the 8% interruption. The results in (a) indicate that the second copy of the 8.0o
interruption occurs at 120,854 bp. overall map. Although it was not used in the computation, the SalI-Bgll fragment (sites 9 to 13) that spans the cluster of HpaI and KpnI sites was estimated at 9,400 bp, which agrees within 1% with the computed value of 9,330 bp ( Table  1 ). The only other questionable regions are the ends of the genome, where several intervals are spanned by three measurements.
In the absence of sequence information, it is not possible to assess objectively the overall Fig. 1 for a complete listing. Bc, BclI; Ha, HaeII.) The size of each deletion is indicated in base pairs, and the uncertainties in the location of the end points are indicated by error flags. these values throughout the genome. Consequently, the values shown in Table 1 could easily be in error by several hundred base pairs. However, uncertainties in absolute cleavage site locations of less than 103 bp represent a small fraction of a genome with over 10 bp and are unlikely to cause any significant problems for future studies.
